Abstract: A novel trisilanol polyhedral oligomeric silsesquioxane-containing phosphorus (DPCP-TPOSS) was synthesized from trisilanolphenyl polyhedral oligomeric silsesquioxane (TPOSS) and diphenyl chlorophosphate. DPCP-TPOSS was characterized by Fourier transform infrared (FTIR) spectroscopy, X-ray diffraction (XRD), hydrogen nuclear magnetic resonance ( 1 H-NMR), thermogravimetric analysis (TGA) and scanning electron microscopy (SEM). Then a novel type of room-temperature vulcanized silicone rubber (RTV)/DPCP-TPOSS composite was prepared. Properties such as swelling behavior, tensile strength, elongation at break, thermal stability and flame retardance were researched and compared. Results showed that RTV/DPCP-TPOSS-3 and RTV/DPCP-TPOSS-5 composites exhibited the best tensile strength and elongation at break, 4.5 MPa and 427%, which was 25% and 32% higher than that of pure RTV. TGA tests demonstrated that RTV/DPCP-TPOSS-3 owned the highest char residues, 39.7%. T max of RTV composites was increased from 531.9°C to 557°C with the incorporation of DPCP-TPOSS. Moreover, the addition of DPCP-TPOSS led to considerably increase of the fire-retardant performance.
Introduction
Room-temperature vulcanized silicone rubber (RTV) is one of the most widely used engineering materials in the family of synthetic rubber. It possessed unique physical and chemical properties such as heat and cold resistance, good electrical-insulating performance, excellent thermal stability and environmentally friendly behavior (1) (2) (3) (4) . High flame-retardant performance is often required, although RTV is a naturally high charring polymer with some flame retardancy. Recently, lots of efforts have been focused on improving thermal stability, mechanical properties and flame-retardancy of RTV matrix by satisfying halogen-free criterion (5, 6) . To achieve the above-mentioned aims, many academic and industrial researchers have participated in this work. It is reported that RTV can be modified with nitrogen-, phosphorus-, magnesium-, montmorillonite-and silicone-based flame retardants (7) (8) (9) (10) . Among them, the incorporation of composite flame retardant is considered to be a promising method owing to its combination all the advantages of their components (11) (12) (13) (14) (15) .
Polyhedral oligomeric silsesquioxanes (POSS) is a three-dimensional and structurally well-defined cagelike molecule. Its formula was (RSiO 1.5 ) n , where R can be hydrogen or an organic group, such as alkyl, aryl, benzene or any of their derivatives. It contained an inorganic Si-O core surrounded by organic groups, and the size of the typical POSS cage is about 1.5 nm. POSS (R: benzene) possesses high thermal stability and good compatibility, which can be incorporated into polymers by blending, grafting, cross-linking or copolymerization to improve their mechanical properties, thermal and oxidation resistance and flame-retardant abilities (16) (17) (18) .
Some phosphorus-containing compounds may show promising applications as halogen-free flame retardants in polymer. On the one hand, the low molecular weight molecules such as P, PO, PO 2 and HPO 2 produced by the pyrolysis of above compounds may react with the radicals of H˙ and ˙OH, and thus the energy of flame in the gas phase may be reduced (19, 20) . On the other hand, some phosphorus-containing compounds may be converted into polyphosphoric acid during decomposition. This acid had a strong dehydration effect, and the formation of a protective carbonaceous layer may be promoted. Then heat and mass transfer in the polymeric matrix may be inhibited by this char layer. As a result, a high thermal stability may be obtained, and the further decomposition of the polymeric chains may be retarded.
In this work, a functional POSS, DPCP-TPOSS, was synthesized by the reaction between trisilanol POSS (TPOSS) and diphenyl chlorophosphate. The TPOSS used here contained a partial T 8 cage with one corner Si atom missing, and the DPCP-TPOSS prepared exhibited a synergistic flame-retardant effect of silicon and phosphorus. After that, a halogen-free DPCP-TPOSS/RTV composites was prepared. A combination of Fourier transform infrared (FTIR) spectroscopy, X-ray diffraction (XRD), thermogravimetric analysis (TGA), scanning electron microscopy (SEM) and hydrogen nuclear magnetic resonance ( 1 H-NMR) together with swelling behavior, mechanical properties and flame retardance were used to characterize the structure and properties of DPCP-TPOSS and RTV/ DPCP-TPOSS composites.
Experimental

Materials
TPOSS was synthesized in our laboratory (21, 22 4 , and the organic platinum catalyst; the n M and content of vinyl of the vinyl silicone oil in component A: 60,000 and 25%), industrial grade, were supplied by Bluestar Silicones Shanghai Company (Shanghai, China).
Preparation of DPCP-TPOSS
A 500-ml round-bottomed and three-necked flask with a mechanical stirrer and reflux condenser was used as a reactor. Ten grams of TPOSS, 15.5 g of diphenyl phosphorochloridate and 300 ml of THF were gradually added to this flask, respectively. The mixture was stirred at 70°C for 12 h. After that, NaOH was added to adjust the pH value to about 7. DPCP-TPOSS was obtained (56.3% yield) as gray solid mixture after rinsed with deionized water and dried in a vacuum oven at 100°C for 12 h. The synthesis of DPCP-TPOSS is illustrated in Figure 1. 
Preparation of RTV/DPCP-TPOSS composites
The general preparation procedures of RTV composites were presented as follows: different contents of DPCP-TPOSS (1, 3, 5, 7, 9 wt.%) were mixed with 40 g of component A. After vigorous stirring at room temperature for 3 h, the mixture was blended with 4 g component B, and stirred again. Then the mixture was molded in a Teflon mold. RTV composites, such as RTV/DPCP-TPOSS-1, 3, 5, 7 and 9, were obtained after the curing process at room temperature for 24 h.
Characterization
FTIR spectra were recorded on an Avatar 370 FTIR spectrometer (Nicolet Corporation). Sixty-four scans were used to collect spectra with good signal-to-noise ratios. The scanning range was from 4000 to 700 cm −1 with a spectral resolution of 2 cm −1 . XRD were measured with X-ray diffractometer (Rigaku D-Max/400) with nickel-filtrated Cukα (λ = 0.154 nm) radiation at 50 kV and 150 mA. The 2θ angle ranged from 5° to 40°, and the scanning rate was 2°/min. 1 H-NMR was performed with Bruker BioSpin Gmb spectrometer operating at 400 MHz. CDCl 3 was used as the solvent, and the solution was measured with tetramethylsilane (TMS) as an internal reference. SEM was performed with a Hitachi S-2150 scanning electron microscope. Samples for SEM were taken using an electron beam potential of 25 kV.
Tensile test was conducted using a TCR-2000 instrument at room temperature according to GB/T 528 standard with samples of dimensions 125 × 6 × 2 mm 3 . All measurements were repeated 5×, and a median value was obtained.
Swelling behavior in toluene was used to estimate the cross-linking density of RTV/DPCP-TPOSS composites. Samples approximately 10 × 10 × 2 mm 3 were weighed (W 1 ) and immersed in toluene (10 ml). The weight of the toluene-swollen samples (W 2 ) was determined until a constant weight. Thus, swelling ratio (Q) and cross-linking density (V) were calculated according to the following equation (23), respectively:
For rubber-toluene system, the coefficient of K was taken as 4.7 × 10
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. TGA was performed with a Linseis PT-1000 thermal analyzer, and the measurements were carried out under air atmosphere at a heating rate of 20°C/min from 35 to 700°C. Ten milligrams of samples was positioned in open vitreous silica pans with a gas flow rate of 60 ml/min.
Combustion experiments were performed by vertical and horizontal burning tests using Horizontal-Vertical Burning Tester-5400 instrument (Kunshan Yangyi Testing instrument Ltd.) according to UL 94. Samples of dimensions 125 × 12.5 × 3 mm 3 were ignited by methane flame. The reported parameters were the averages of three measurements.
Results and discussion
Characterization of DPCP-TPOSS
FTIR
The FTIR spectra of TPOSS and DPCP-TPOSS are shown in Figure 2 . In the spectrum of TPOSS (Figure 2A) , the peaks at 896 and 3623 cm −1 were assigned to the stretching and deformation vibration of Si-OH group. The peaks at 1058-1149 cm −1 were attributed to the cage structure of Si-O-Si stretching vibration. The C-H stretching vibrations of phenyl ring hydrogen at 3002-3083 cm −1 were detected, and its deformation vibrations were shown at 1741-1965 cm were also identified. The FTIR of DPCP-TPOSS ( Figure 2B ) was similar with that of TPOSS. This indicated that the cage structure was preserved during the synthetic procedure. However, compared with the spectrum of TPOSS, the peaks at 896 and 3623 cm −1 disappeared. There were some new evident peaks at 954 cm −1 (P-O-Si asymmetric stretching vibration), 1027 cm −1 (Si-O-Si stretching vibration) and 1193 cm −1 (P=O stretching vibration). This suggested the reaction between TPOSS and diphenyl phosphoro chloridate was successful.
1 H-NMR
1 H-NMR spectra of TPOSS and DPCP-TPOSS are shown in Figure 3 . The spectrum ( Figure 3A) showed a broad chemical shift from 7.1 to 7.8 ppm. This was corresponded to the hydrogen atoms in the phenyl groups. The chemical shifts at 3.71-3.73 ppm were ascribed to the Si-OH of TPOSS. Compared with that of TPOSS, signal of Si-OH at 3.71-3.73 ppm for the DPCP-TPOSS completely disappeared ( Figure 3B ). In addition, the peak at 7.1-7.8 ppm was obviously divided into two parts. The chemical shifts at 7.2 and 7.3 ppm were ascribed to the protons of Si-phenyl and P-O-phenyl, respectively. This was ascribed to the different chemical environments for these structures. However, the chemical shifts between 7.4 and 7.8 ppm almost disappeared, and this was attributed to loss of hydroxyl groups due to the successful reactions between TPOSS and diphenyl phosphorochloridate. 
XRD
The microstructure of TPOSS and DPCP-TPOSS was studied by the wide-angle XRD measurements (Figure 4) . The XRD pattern of TPOSS ( Figure 4A ) showed that it was an amorphous composite exhibiting two diffraction peaks at 8.31° and 19.46°. In detail, the peak at 8.31° was corresponded to the cagelike structure, and the other was attributed to the amorphous structure. However, DPCP-TPOSS presented intensive and characteristic crystalline peaks at 7.51°, 10.17°, 15.70°, 16.99° and 18.29° ( Figure  4B ). These peaks appeared at lower angles with respect to TPOSS, and they were distinct from the structure of TPOSS. Based on these results, it is reasonable to state that the DPCP-TPOSS was successfully obtained.
SEM
SEM was used to examine more information regarding the microstructure of TPOSS and DPCP-TPOSS ( Figure 5 ). TPOSS showed irregular and uneven particle size from less than 1 μm to about 100-200 μm ( Figure 5A ). However, DPCP-TPOSS exhibited a rougher surface together with an almost even size about 50 μm ( Figure 5B ). This even size may be useful for its dispersion in RTV matrix.
TGA
TGA curves of TPOSS and DPCP-TPOSS under nitrogen from 100°C to 700°C are presented in Figure 6 . The relevant thermal decomposition data, including T 5% (defined as the temperature at 5 wt.%), T max (defined as the temperature at maximum mass loss rate) and the char residues at 700°C, are given in Table 1 . The thermal degradation process of TPOSS was composed of three steps ( Figure 6A ), and their corresponding T max was 309.4°C, 433.7°C and 551.5°C, respectively. In the first step, between 274°C and 355°C, the weight loss was presumably associated with the thermal decomposition of phenyl in P-O-Ph of TPOSS. The second stage started from 403°C to 475°C, which was resulted from the thermal degradation of phosphorus substance and the phenyl in Si-Ph. In the third stage, from 489°C to 604°C, a substantial weight loss was caused by the thermal degradation of cage structure. Moreover, TPOSS began to lose weight at 257.8°C, which was earlier compared with that of DPCP-TPOSS. At 700°C, the solid residue of TPOSS was 39.6%, and it may be composed of silica, phosphide and a considerable amount of free carbon according to its structure (13) . However, DPCP-TPOSS started to decompose at 467.5°C, and its corresponding T max was 539.6°C ( Figure 6B ). The degradation occurred until 604.5°C, and a residual yield of 74.1% was left. The thermal degradation of DPCP-TPOSS had only one stage, which was 
H-NMR curves of (A) TPOSS and (B) DPCP-TPOSS.
corresponded to the degradation of the organic corner groups and silsesquioxane (24).
Properties of RTV/DPCP-TPOSS composites 3.2.1 Tensile properties
To investigate the reinforcing effect of DPCP-TPOSS, the tensile properties are summarized in Figure 7 . The tensile strength and elongation at break of RTV/DPCP-TPOSS composites showed almost the same trend compared with that of original RTV. At loading of 3 wt.% DPCP-TPOSS, the RTV/DPCP-TPOSS composite owned the highest tensile strength, 4.5 MPa ( Figure 7A ). The increase was about 25% compared with that of original RTV, 3.6 MPa. This improvement may be ascribed to the uniformly distribution and a good compatibility with RTV matrix. When the amount of DPCP-TPOSS was increased continuously to 5, 7 and 9 wt.%, their tensile strength was decreased. This was probably due to the partial aggregations of DPCP-TPOSS grains. The formation of aggregates may reduce the interface area between polymer and DPCP-TPOSS (25) . In addition, the elongation at break showed an enhancement from 323% to 427% when 5 wt.% DPCP-TPOSS was added, and the improvement was approximately 32% ( Figure 7B ). With the addition of more DPCP-TPOSS, their elongations were also decreased. In conclusion, the DPCP-TPOSS reinforced RTV showed relatively better properties than that of original RTV. SEM presented the further evidence of DPCP-TPOSS's dispersion status in the fracture surface of different RTV composites. Representatively shown in Figure 8 are the SEM images of RTV and RTV/DPCP-TPOSS-3 composite. From the images of original RTV ( Figure 8A ), no voids and no deformed portions existed in the fracture surfaces. From the images of RTV/DPCP-TPOSS-3 ( Figure 8B ), the DPCP-TPOSS was dispersed uniformly in RTV matrix and with no aggregates. This demonstrated the good mechanical properties of these composites were obtained. Moreover, the compatibility of DPCP-TPOSS in RTV matrix showed no obvious changes compared with that of RTV/TPOSS-3 (26) . Both of these two composites possessed better compatibility and tensile properties.
Swelling behavior
The swelling properties of RTV samples are measured and given in Table 2 . In the experiment, it required a not much longer time to reach the final equilibrium value. At equilibrium, the cross-linking density of RTV/DPCP-TPOSS composites was higher than that of original RTV, while the swelling ratio showed the opposite. The addition of DPCP-TPOSS in RTV may increase the amount of threedimensional networks in the polymeric matrix. RTV/ DPCP-TPOSS-3 composite owned the highest cross-linking density, 1.73 × 10
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. This was due to the high cross-linking degree of this RTV matrix. Moreover, the swelling behavior had some relationship with their tensile properties (27) . The high the cross-linking degree, the better were the tensile properties.
Thermal properties
The effect of DPCP-TPOSS on the thermal stability of RTV, recorded in nitrogen atmosphere, is shown in Figure 9 and Table 3 . Overall, the thermal degradation process of all the samples had similar stage as that of pure RTV. As shown in Table 3 , with the incorporation of DPCP-TPOSS, T 5% of RTV composites decreased obviously. This was mainly attributed to the decomposition of phenyl in P-O-Ph of DPCP-TPOSS. On the contrary, T max of RTV/DPCP-TPOSS composites was higher than that of pure RTV. It was increased with the increasing content of DPCP-TPOSS. This illustrated that the incorporation of DPCP-TPOSS may improve the thermal stability of RTV/DPCP-TPOSS hybrids. The enhancement of T max was probably resulted from the significant increase of threedimensional networks' amount due to the chemical and/ or physical interactions between the molecules of RTV and DPCP-TPOSS. Moreover, the introduction of DPCP-TPOSS also gave rise to the formation of char residues in RTV. At the load of 3 wt.% DPCP-TPOSS, the RTV composite exhibited the highest char residues, 39.7%. It can be speculated that the char residues may act as a barrier for inhibiting accumulation of the pyrolytic gases and, thus, exhibit some flame-retardant effect (28). 
Flame-retardant properties
Flammability tests of RTV composites were conducted by applying a methane flame to the specimens. The data of horizontal and vertical burning test are summarized in Tables 4 and 5 .
For the horizontal burning test of RTV composites, the self-extinguishing phenomenon could be observed for all samples from visual observation. As illustrated in Table 4 , the burning time, burning distance and burning rate decreased obviously with the addition of 1-9 wt.% DPCP-TPOSS into pure RTV. For pure RTV, vigorously burning was shown when a methane flame was applied. Meanwhile, it released dark and dense smoke with generating a char layer. However, with further addition of DPCP-TPOSS, the burning degree and smoke production of RTV/ DPCP-TPOSS composites gradually decreased. Experimental results revealed that incorporation of 9 wt.% of DPCP-TPOSS into RTV decreased the burning rate from 11.2 to 1.8 mm/min, decreased by 84.6%. These results showed that DPCP-TPOSS may significant enhance the flame-retardant ability of RTV composites. In our previously published results (26) , the horizontal burning test results of RTV/TPOSS-9 exhibited a faster burning rate, that is, 2.5 mm/min. This illustrated that the modification of TPOSS by DPCP may improve the flame-retardant behavior of RTV composites. The vertical burning test value of RTV composites is presented in Table 5 . After incorporation of DPCP-TPOSS, the flame spreading rate of RTV was decreased significantly from 98.5 to 59.6 mm/min, decreased by 39.5%. Thus, DPCP-TPOSS apparently played an important role in decreasing the vertical burning rate of RTV composites. Self-extinguishing was not detected in all the samples. With the addition of more DPCP-TPOSS into RTV, these composites showed a decreased burning degree. Moreover, during the combustion process, the char layer was formed quickly, and the resultant char was thick and firm. This indicated that DPCP-TPOSS may promote the formation of char layer in RTV matrix. The improvement in flame retardance for RTV/DPCP-TPOSS composites can be explained by the formation of carbonaceous layers during burning. This strong char layer may be composed of silica and phosphide compounds and was considered to serve as a physical barrier to prevent combustible gases from feeding the flame together with keeping oxygen away from the burning material (29) . In addition, the synergistic effect between phosphorus-and POSSbased flame retardants may be shown due to the composition of RTV and DPCP-TPOSS. Above analysis may give the mechanism for better flame-retardant properties of these RTV composites.
Conclusions
DPCP-TPOSS was successfully prepared by TPOSS and diphenyl chlorophosphate. FTIR, XRD, 1 H-NMR, TGA and SEM were used to characterize its structure and properties. In FTIR, the peaks at 954 cm −1 , 1027 cm −1 and 1193 cm −1 were the characteristic peaks of P-O-S, P-O and P=O stretching vibrations of DPCP-TPOSS, respectively. It showed that the cage structure of TPOSS was almost completely preserved. XRD analysis illustrated that TPOSS possessed an amorphous structure, whereas DPCP-TPOSS exhibited a crystal behavior. A combination FTIR and 1 H-NMR studies confirmed the disappearing of Si-OH group, and this illustrated that DTPPOSS was successfully synthesized from TPOSS.
RTV/DPCP-TPOSS composites were successfully prepared by direct compounding of RTV with different amount of DPCP-TPOSS. Some properties of RTV composites were improved with the incorporation of DPCP-TPOSS. Results showed that DPCP-TPOSS was beneficial for forming the effective three-dimensional networks in RTV matrix. The enhancement of the tensile properties of RTV/DPCP-TPOSS-3 demonstrated that DPCP-TPOSS can provide better reinforcing effect in the RTV systems. Meanwhile, RTV/DPCP-TPOSS-3 owned the highest amount of char residues, and T max of these RTV composites was increased with the addition of DPCP-TPOSS. In addition, mechanisms for reinforcing and flame-retardancy of RTV/ DPCP-TPOSS composites were proposed.
